In birds, as in mammals, one pair of chromosomes differs between the sexes. In birds, males are ZZ and females ZW. In mammals, males are XY and females XX. Like the mammalian XY pair, the avian ZW pair is believed to have evolved from autosomes, with most change occurring in the chromosomes found in only one sex-the W and Y chromosomes 1-5 . By contrast, the sex chromosomes found in both sexes-the Z and X chromosomes-are assumed to have diverged little from their autosomal progenitors 2 .
In birds, as in mammals, one pair of chromosomes differs between the sexes. In birds, males are ZZ and females ZW. In mammals, males are XY and females XX. Like the mammalian XY pair, the avian ZW pair is believed to have evolved from autosomes, with most change occurring in the chromosomes found in only one sex-the W and Y chromosomes [1] [2] [3] [4] [5] . By contrast, the sex chromosomes found in both sexes-the Z and X chromosomes-are assumed to have diverged little from their autosomal progenitors 2 .
Here we report findings that challenge this assumption for both the chicken Z chromosome and the human X chromosome. The chicken Z chromosome, which we sequenced essentially to completion, is less gene-dense than chicken autosomes but contains a massive tandem array containing hundreds of duplicated genes expressed in testes. A comprehensive comparison of the chicken Z chromosome with the finished sequence of the human X chromosome demonstrates that each evolved independently from different portions of the ancestral genome. Despite this independence, the chicken Z and human X chromosomes share features that distinguish them from autosomes: the acquisition and amplification of testis-expressed genes, and a low gene density resulting from an expansion of intergenic regions. These features were not present on the autosomes from which the Z and X chromosomes originated but were instead acquired during the evolution of Z and X as sex chromosomes. We conclude that the avian Z and mammalian X chromosomes followed convergent evolutionary trajectories, despite their evolving with opposite (female versus male) systems of heterogamety. More broadly, in birds and mammals, sex chromosome evolution involved not only gene loss in sex-specific chromosomes, but also marked expansion and gene acquisition in sex chromosomes common to males and females.
A century ago, Herman Muller proposed the first theory of sex chromosome evolution-that the X and Y chromosomes of Drosophila evolved from an ordinary pair of autosomes, and that genes on the Y chromosome had gradually deteriorated while their counterparts on the X had been preserved 1 . In the 1960s, Susumu Ohno applied Muller's theory to the sex chromosomes of vertebrates, arguing that while the sex-specific W and Y chromosomes of birds and mammals had degenerated, the content of the Z and X chromosomes remained intact 2 . Four decades on, comparisons of the human X and Y chromosomes have underscored the dramatic evolutionary changes on the Y chromosome [3] [4] [5] , but the assumption that the X chromosome has been evolutionarily stable remains unexamined.
The evolutionary relationship between the mammalian X chromosome and the avian Z chromosome has been the subject of much speculation, but it also remains unresolved. Ohno conjectured that the X chromosomes of mammals were orthologous to the Z chromosomes of birds 2 . However, comparative mapping of 30 Z-linked genes indicated that the chicken Z chromosome was orthologous to human chromosomes 5, 8, 9 and 18, and not to the human X chromosome 6, 7 . These findings were supported by the draft sequence of the chicken genome, but only about one-third of the sequence of the Z chromosome was present in the assembly, leaving open the possibility that regions of orthology between the avian Z and mammalian X chromosomes had yet to be detected 8 . The recent discovery that a subset of the five platypus X chromosomes contains orthologues of genes on the chicken Z chromosome renewed speculation that the avian Z and mammalian X chromosomes have a common origin [9] [10] [11] [12] . To accommodate the results of comparative gene mapping experiments, it has been proposed that the chicken Z and human X chromosomes were derived from different portions of an ancestral proto-sex chromosome that broke apart, leaving Z orthologues autosomal in mammals and X orthologues autosomal in birds 11, 12 .
To reconstruct and compare the evolutionary trajectories of the avian Z and mammalian X chromosomes, we have produced the finished sequence of the chicken Z chromosome ( Supplementary  Figs 1-3 ). The resulting sequence spans roughly 80 megabases (Mb), is complete apart from four gaps and is accurate to about one nucleotide per megabase. The chicken Z chromosome contains ,1,000 genes (Supplementary Table 1 ). This makes the Z chromosome less genedense than any chicken autosome, with 11 genes per megabase, which is less than half of the chicken autosomal average of 25 genes per megabase 8 (Table 1) . Conversely, the density of interspersed repeats is 60% higher in the Z chromosome than in chicken autosomes ( Supplementary Fig. 1 and Table 1 ). Most of these repeats are long interspersed nuclear elements (LINEs), whose abundance in the Z chromosome is 70% higher than in autosomes ( Supplementary Fig. 1 and Table 1 ). As a result, the Z chromosome is structurally distinct from the rest of the chicken genome.
The Z chromosome's most prominent feature is a previously unrecognized tandem array of testis-expressed genes, extending over 11 Mb at the distal end of the long arm ( Fig. 1 and Supplementary  Fig. 4 ). This array constitutes nearly 15% of the Z chromosome, onefifth of all chicken segmental duplications and 1% of the entire chicken genome 8 (Fig. 1a, b ). This sequence was initially reported as heterochromatin 13 , but we find that three genes are present in each repeat unit and that a smaller flanking array contains a fourth ( Fig. 1c, d , Supplementary Fig. 5 and Supplementary Table 2 ). Together, these four gene families total hundreds of copies and constitute almost onethird of the protein-coding genes on the Z chromosome ( Fig. 1d and Supplementary Table 2 ). All four gene families are expressed predominantly in the testis (Fig. 1e ). We have termed this massive array of testis-expressed genes the 'Z amplicon'. With the finished sequence of the Z chromosome in hand, we set out to test Ohno's hypothesis that the avian Z and mammalian X chromosomes are orthologous. To reconstruct and visualize evolutionary relationships between chicken and human chromosomes, we systematically plotted the locations of orthologous gene pairs ( Supplementary Figs 6 and 7 ). We find that none of the ,1,000 genes on the chicken Z chromosome has an orthologue on the human X chromosome ( Fig. 2a, b and Supplementary Table 1 ). The Z chromosome is orthologous only to portions of human autosomes 5, 9 and 18 ( Fig. 2a ). Contrary to initial reports 7 , the Z chromosome is not orthologous to human chromosome 8 ( Supplementary Fig. 6 ). In reciprocal fashion, the human X chromosome is orthologous only to portions of chicken autosomes 1 and 4, and not to the Z chromosome 5 (Fig. 2b ). On the basis of this comprehensive analysis, we conclude that genes that are sex-linked in chickens are autosomal in humans, and vice versa, in broad agreement with earlier comparative mapping experiments 6, 7 .
Although the Z and X chromosomes show no signs of orthology, it is possible that they were recruited from different portions of a protosex chromosome in the common ancestor of birds and mammals 11 . Some investigators have raised this possibility on the basis of comparative gene mapping in the platypus 11 . However, the platypus does not form an outgroup to birds and mammals, and cannot resolve which state is the ancestral one: a platypus-like linkage of Zorthologous genes and X-orthologous genes, or the separation we observe in chicken and human. Other researchers have attempted to resolve this question by comparisons with an outgroup genome that is far from complete 12 . Instead, we compared the Z and X chromosomes with the genomes of the four closest outgroup species whose genomes have been sequenced and assembled. Each species represents a different order of teleost fish, which diverged from land vertebrates more than 450 million years ago 14 . After they diverged from birds and mammals, but before they diverged from each other, these fish species experienced a whole-genome duplication, complicating the identification of 1:1 orthologues 14 . Nevertheless, we observe that most orthologues of Z-and X-linked genes occupy separate portions of each fish genome ( Supplementary Figs 8-11 ). For example, threespine stickleback (Gasterosteus aculeatus) linkage groups 13 and 14 carry the bulk of Z-orthologous genes, whereas X-orthologous genes mostly reside on stickleback linkage groups 1, 4, 7 and 16 ( Fig. 2c ). Because we observe that Z-orthologous genes are separated from X-orthologous genes in birds, mammals and each of these four fish, we conclude that the Z and the X chromosomes have evolved independently from distinct portions of the ancestral vertebrate genome. Although we rejected the hypothesis that the avian Z and mammalian X chromosomes share a common origin, we discovered that the chicken Z and human X chromosomes share common features. Like the chicken Z chromosome, the human X chromosome has a low gene density; there are half as many genes per megabase on the X chromosome as on the average human autosome 5 (Fig. 3a and Table 1 ). Other investigators have observed that low gene density is often associated with increased interspersed repeat content, specifically LINEs 5, 15 . We also observe this association on the Z and X chromosomes ( Supplementary Fig. 1 and Table 1 ).
There are two possible explanations for these features of the chicken Z and human X chromosomes. Either the Z and X chromosomes arose from autosomes pre-adapted for the role of sex chromosomes, or they arose from ordinary autosomes that convergently evolved into specialized sex chromosomes. If the Z and X chromosomes arose from pre-adapted autosomes, then the structural features shared by the Z and X chromosomes should also be found on the orthologous autosomal regions. We tested this theory by comparing each sex chromosome to the orthologous autosomes in the other species (Fig. 2 , Table 2, and Supplementary Tables 3 and 4 ). As a group, the autosomal regions that correspond to the Z and X chromosomes are typical of their respective genomes ( Table 2 ). Although these regions show a slight deficit in gene density relative to the average within their respective genomes, the difference is too small to account for the extremely low gene density of the Z and X chromosomes. Because the orthologous autosomes in the other species do not share the structural features common to the Z and X chromosomes, we infer that these convergent features arose during the process of sex chromosome evolution, and not before.
To explain the paucity of genes on the Z and X chromosomes, we looked for evidence that both chromosomes lost genes during sex chromosome evolution. Instead, we observed that both the Z chromosome and the X chromosome gained protein-coding genes. We compared the gene content of the Z and the X chromosomes to the orthologous autosomes from the other species as a surrogate for the ancestral gene content of the Z and X chromosomes (Figs 2 and 3b , Table 2 , and Supplementary Tables 3 and 4 ). We found that only a few dozen genes present on the orthologous autosomes are absent from the Z and X chromosomes (Fig. 3b) . In contrast, hundreds of genes present on the Z and X chromosomes are absent from the orthologous autosomes (Fig. 3b ). We conclude that both the Z chromosome and the X chromosome experienced substantial net gene gain.
The majority of genes gained by the Z and X chromosomes are members of multicopy families ( Fig. 3b and Supplementary Tables 3  and 4 ). On the chicken Z chromosome, these are the genes of the Z amplicon. The human X chromosome has gained thirteen different cancer/testis antigen gene families 5 . All of the Z-amplicon genes are expressed predominantly in testis (Fig. 1e) , as are the cancer/testis antigen genes of the human X chromosome 16 . The addition of these multicopy gene families has biased the Z and X chromosomes towards testis-expressed genes (Fig. 3c ). Both the Z chromosome and the X chromosome have an elevated proportion of genes expressed in testis tissue in comparison with autosomes as measured by the number of genes with a testis expressed sequence tag (EST) in Unigene 17 data sets (Fig. 3c ). However, when multicopy genes are removed, the remaining conserved single-copy genes show no bias (Fig. 3c) . Others have observed a bias towards sex-and reproductionrelated genes on the human X chromosome 18 . Our comparison suggests that the Z chromosome shares this bias. This bias was not a feature of the autosomes that gave rise to the sex chromosomes of birds and mammals; it arose by gene acquisition and amplification during sex chromosome evolution in each lineage.
In light of this convergent gene gain, we looked for factors other than gene loss that could account for the low gene density of the Z and X chromosomes. Low gene density could result from Z-and X-linked genes that are larger than those on autosomes, resulting in fewer genes in the same amount of sequence. However, we find that genes on both the Z chromosome and the X chromosomes are smaller, on average, than autosomal genes ( Table 1 ). The only remaining explanation for the unusually low gene density of the Z and X chromosomes is a massive expansion of non-coding intergenic sequences that spread the genes farther apart. We estimate that intergenic regions were expanded by about 40 Mb in the case of the Z chromosome and 80 Mb in the case of the X chromosome-nearly half the present lengths of these chromosomes. No single class of non-coding sequence can account for this change, but the enrichment for LINEs on both the Z chromosome and the X chromosome (Table 1) suggests that the doubling of intergenic sequence may have been driven by recurrent insertion and divergence of transposable elements. In mammalian genomes, high LINE density is associated with reduced rates of crossing over 19 , and suppression of crossing over is a key step in the evolution of differentiated sex chromosomes. However, the Z and X chromosomes are enriched for LINEs in comparison with autosomal regions with similarly low rates of crossing over ( Supplementary Fig.  12 and Supplementary Note 1). Our comparison of the finished sequences of the chicken Z and human X chromosomes reveals that each evolved independently from different portions of the ancestral genome, from separate pairs of ordinary autosomes. In each lineage, different portions of the ancestral genome were substantially remodelled to become specialized sex chromosomes. The Z and X chromosomes have converged on a set of structural features that distinguish them from autosomes: a high density of interspersed repeats, and long intergenic distances resulting in low gene density. Furthermore, the Z and X chromosomes have both gained multicopy gene families that are expressed in testis, biasing the gene content of both chromosomes towards male reproductive functions.
This convergent specialization of Z and X chromosomes for male reproduction is surprising given that the Z chromosome evolved with female heterogamety and the X chromosome evolved in opposite circumstances, with male heterogamety. One might have anticipated that the Z and X chromosome would have opposing rather than convergent biases in gene content. Although strong selective pressures drive the evolution of genes related to male reproduction 20,21 , these selective pressures influence autosomes as well as sex chromosomes. However, unlike autosomes, sex chromosomes are uniquely susceptible to selection for traits that benefit one sex more than the other 22 . Our results suggest that, in amniotes, selective pressures to preserve or enhance male reproductive functions have trumped the differences between ZW and XY systems to produce the changes in gene content that we observe.
For nearly 100 years, it has been thought that sex chromosome evolution involved drastic modification of sex-specific chromosomes but only modest change in chromosomes shared by the sexes 1,2 . In the past decade, this understanding was reinforced by comprehensive molecular comparisons between the human X and Y chromosomes [3] [4] [5] and by more limited comparison of sex chromosome pairs in other plants and animals [23] [24] [25] . These X-Y or Z-W comparisons revealed extensive genetic decay in the sex-specific Y or W chromosome, while assuming that Z and X chromosomes faithfully represent their autosomal progenitors. By contrast, the Z-autosome and X-autosome comparisons in this study reveal that the chicken Z chromosome and the human X chromosome have undergone dramatic evolutionary changes that were not anticipated and that previous studies could not detect. In birds and mammals, sex chromosome evolution was not limited to gene loss from sex-specific chromosomes, but extended to expansion and gene acquisition on the chromosomes shared between the sexes.
METHODS SUMMARY
Mapping and sequencing. All Z-chromosome BAC and fosmid clones that we selected for sequencing (see Supplementary Table 5 for GenBank accession numbers) were from six libraries generated from the same female of the inbred line of red jungle fowl (UCD001) as was used for the whole-genome shotgun sequence of the chicken 8, 26 . As a result, the sequence we obtained is that of a single Z-chromosome haplotype. We made use of available BAC fingerprint maps to select tiling paths across the Z chromosome. Contigs were ordered and oriented by radiation hybrid mapping 27 and confirmed by FISH 28 (Supplementary Figs 2  and 3 ). Sequence analysis. We used REPEATMASKER (http://www.repeatmasker.org) to identify and mask interspersed repeats. We used BLAT 29 to detect intrachromosomal similarity and custom Perl scripts to construct triangular dot plots (http://jura.wi.mit.edu/page/Y/azfc/self_dot_plot.pl). Comparative genomics. We detected orthology by using BLAT to align peptide sequences (Ensembl version 52) 30 and identifying the best reciprocal hit between species. We constructed the interspecies dot plots using the chromosomal coordinates extracted from Ensembl (or, in the case of the Z chromosome, the coordinates from this study). For counts of gene gain and loss, we used the list of orthologues of human and chicken genes compiled by Ensembl, which we then manually reviewed to ensure accuracy. In cases where genes on the sex chromosomes did not have a 1:1 orthologue on a corresponding autosome in the other species (or vice versa), we used outgroup species (fish and amphibians) to determine the lineage (chicken or human) on which a gene was gained or lost.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
